Measurement of the fraction of t t production via gluon-gluon fusion in
We present a measurement of the ratio of the t t production cross section via gluon-gluon fusion to the total t t production cross section in p p collisions at ffiffi ffi s p ¼ 1:96 TeV at the Tevatron. Using a data sample with an integrated luminosity of 955 pb À1 recorded by the CDF II detector at Fermilab, we select events based on the t t decay to lepton þ jets. Using an artificial neural network technique we discriminate between t t events produced viaannihilation and gg fusion, and find G f ¼ ðgg ! t tÞ=ðp p ! t tÞ < 0:33 at the 68% confidence level. This result is combined with a previous measurement to obtain the most stringent measurement of this quantity by CDF to date, G f ¼ 0:07 þ0:15 À0:07 . In hadron colliders, such as the Tevatron, the pair production of heavy quarks has contributions from the different partons present in the initial-state hadrons. While for a given quark flavor the total pair production cross section can be measured simply by counting events in specific final-state channels, the contribution from the different primary partons to this cross section is difficult to estimate. For beauty, charm, and light-flavor production, the hadronization process does not normally allow the spin and kinematic properties of a quark to be observed through the analysis of the final-state particles. The situation is different for t t production. The top quark, with a mass of about 175 GeV=c 2 , has a lifetime that is an order of magnitude shorter than the typical hadronization time of % 5 Â 10 À24 s [1] . As a consequence, the spin and kinematic information of the top quark are preserved in its decay products, allowing the different t t production processes to be distinguished based on the kinematic characteristics of the final-state particles.
The standard model (SM) predicts the t t production processes to beannihilation (! t t) and gg fusion (gg ! t t), occurring at the Tevatron with relative fractions of $85% and $15%, respectively, and having significantly different kinematic properties [2] . Predictions for the relative fraction of t t production from gg fusion range from 10% to 20% due to uncertainties in the parton density functions [3, 4] . A measurement of this fraction tests the SM prediction and our understanding of gluon parton distribution functions (PDFs) in the proton. Disagreement with this prediction could reveal the possible existence of new mechanisms of top-quark production and decay. For instance, production of top pairs at the Tevatron could be affected by a new vector particle associated with top color [5, 6] . Such a resonance would affect the angular correlations between the top and antitop, and the relative mixture ofand gg initiated t t production. Additionally, new physics in the decay of the top quark, such as a t ! H þ b, would also affect these correlations [5] .
This article details the first measurement of the fraction G f ¼ ðgg ! t tÞ=ðp p ! t tÞ based on the kinematics of t t production, its decay products, and their correlations. We use the t t event kinematics in an artificial neural network (NN) to distinguish between the two modes of production. This analysis is described in detail in [7] . We use data in p p collisions at ffiffi ffi s p ¼ 1:96 TeV collected by the multipurpose Collider Detector at Fermilab (CDF II) [8] from February 2002 to March 2006, corresponding to an integrated luminosity of 955 pb À1 . The result of this analysis is then combined with a complementary measurement of this fraction [9] , which takes advantage of the higher probability for a primary gluon, compared to a quark, to radiate a low energy gluon in the production process. The production of t t is expected to be followed by the decay of each top quark to a W boson and a b quark with a branching ratio of approximately 100% [1] . We select events according to the topology of the t t decay to lepton þ jets, in which one W decays leptonically and the other one hadronically,
We require events to have an electron or muon candidate with p T > 20 GeV=c and jj < 1, an imbalance of transverse energy of E 6 T > 20 GeV [10] as expected from the undetected neutrino, and four or more jets with p T > 20 GeV=c and jj < 2 [10]. A jet is defined as a cluster of energy in the calorimeter and is reconstructed using an algorithm with a fixed cone of radius 0.4 in -space [11] . To account for nonlinearities in the detector response and multiple p p collisions in an event, we correct jet energies and E 6 T [12] . Furthermore, to increase the purity of the sample, at least one jet in the event is required to have a displaced vertex (b tag), which is indicative of the likely b-quark origin of the jet [13] 
Background processes in the t t candidate sample originate primarily from direct W þ jets production, with minor contributions from diboson production ðWW; WZ; ZZÞ, and multijet production (non-W). The expected background estimates in the one b-tag and two or more b-tags categories are shown in Table I and were determined in [14] with 318 pb À1 of data and scaled to 955 pb À1 of data. We also show the number of events observed in the data and the signal fraction ð S f Þ. Using the HERWIG version 6.5 [15] leading-order (LO) Monte Carlo (MC) generator, we simulate t t signal samples for the two production processes with a top-quark mass of 175 GeV=c 2 . We model the dominant background of W þ light and W þ heavy flavor jets events with the ALPGEN MC generator [16] , using HERWIG to model parton showers. All generated events are passed through the CDF II detector simulation [8] .
We consider only the four jets with highest transverse energy in each event and include all possible permutations associating jets with partons consistent with the b-tag information. The reconstruction is performed using a kinematic fitter [17] which compares the jet-to-parton association to the t t hypothesis assuming the masses of the W bosons and the top quarks to be 81 and 175 GeV=c 2 , respectively. In the fitter the energy scale of the jets is varied according to its uncertainty. The agreement between each permutation and the t t hypothesis is quantified by the 2 value of the fit. For each event the permutation with the lowest 2 is used to extract kinematic variables as described below.
We calculate eight variables that are sensitive to the production mechanism; two of these describe the production and the other six describe the decay of a given t t event. At leading order the t t production rate depends on two variables evaluated in the t t rest frame; the cosine of the angle between the top-quark momentum and the direction of the incoming proton cos Ã and the top-quark velocity relative to c, [18] . Since the functional form of the t t production rate to these variables is different for gg fusion than it is forannihilation, these variables contain information that could allow us to distinguish the production mechanism. The remaining six variables describe the t t decay and contain information about the correlations between the spins of the top quarks. These variables are the cosines of the angles with respect to the ''off-diagonal'' spin basis [18, 19] in the parent top-quark rest frame. One characteristic feature of this basis is that the number of! t t events that have parallel top-quark spins as evaluated in this basis vanishes. Top pair events with parallel top-quark spins come exclusively from gg production. The decay variables are the cosines of the angles between the direction of the off-diagonal basis and the lepton, neutrino, leptonically decaying W, down-type quark, up-type quark, and hadronically decaying W. The distribution of data events for these variables shows very good agreement with the distributions from simulated background and t t events with G f ¼ 0:15.
To obtain a single discriminating quantity the eight kinematic variables are fed into a NN. The NN used in this analysis [20] has an architecture of eight inputs, two hidden layers individually with ten and five nodes, and a single output. We train the NN to distinguish betweenand gg simulated t t events, with separate training for the one b-tag events and for two or more b-tags events. Reducing or increasing the numbers of layers and nodes does not significantly change the discriminating power. Approximately one-third of the discriminating power comes from the production variable , one-third from cos Ã , and one-third from the remaining six decay variables. Figure 1 shows the distribution of cos Ã , one of our more sensitive variables, for events with one b-tag in data, expected t t, and background. In each b-tag category we obtain three template distributions of the NN output, T, T gg , and T bkg , by running the NN overproduced t t, gg produced t t, and back- À0:07 , and we find the 95% C.L. limit to be G f < 0:38 [26] .
To conclude, we report on the first limit of the fraction of gg produced t t events relative to the total by differentiating between the kinematic properties and their correlations of both production processes. Using this technique we limit the fraction G f < 0:33 at 68% C.L. and find it to be consistent with SM expectations. The combination with the measurement described in [9] results in G f ¼ 0:07 þ0:15 À0:07 , yielding the most stringent measurement by CDF of this quantity to date. 
